Enhanced photosensitivity using thermal treatment has been observed on several silicate optical fibers. The effect of the treatment on fibers with different dopants has been tested via Bragg grating inscription. The presence of Ge or Sn atom has been established to be fundamental for the effect to occur. To explain the main features a model involving defect dynamics is proposed.
Pb, 6 or rare earths 7 ͒ or postfabrication methods ͑such as hydrogen/deuterium loading, 8 hydrogen flushing, 9 or flame brushing 10 ͒. We have recently investigated an alternative postfabrication method which increases fiber photosensitivity of germanosilicate fibers by thermal treatments. 11 The method consists in exposing the fiber to CO 2 laser radiation before Bragg grating inscription. As a consequence of the exposure the obtained refractive index modulation for the Bragg grating is a few times higher than in untreated ͑i.e., unexposed to CO 2 laser radiation͒ fibers. In this study we extend the technique to other dopants ͑e.g., Sn, B, Ce͒. A model based on defects can explain the main features of this photosensitivity enhancement technique, thus envisaging its applicability to a wider range of material compositions with respect to those covered in this study.
Uncoated fibers were left in a fiber drawing furnace at 1800°C for 1 min and subsequently quickly taken out from the furnace in order to rapidly cool them down to room temperature. The furnace ͑Heathway Ltd.͒ consists of a graphite resistive heating element in an inert argon atmosphere and it operates within the temperature range of 1000-2400°C. A pyrometer provides the feedback to a computer which stabilizes the temperature within ϳ1°by controlling the current crossing the graphite element and the Ar flowing within the furnace. Fiber photosensitivity was then tested via grating writing. The experimental setup to write and characterize gratings is presented in Fig. 1 . Gratings at 1.55 m were written using a phase mask and a 248 nm KrF excimer laser. The refractive index modulation ͑⌬n mod ͒ in the fibers was derived using conventional formulas over the whole reflection spectrum. 12 The fibers used in these experiments are reported in Table I Fibers with other dopants have been studied to investigate whether photosensitivity enhancement is exclusively associated with germanosilicate fibers. Gratings 2.4 mm long were written in samples of germanium-free fiber ͑sample C͒ by exposing the fiber to 3000 pulses at ϳ0.1 mJ/pulse and 20 Hz. Compared to the untreated fiber, the grating written in the treated fibers provided higher reflectivity ͑Fig. 2͒. As previously observed in samples A and B, thermal treatment enhances the natural photosensitivity of fiber C. ⌬n mod for the treated and untreated fibers were estimated to be 1.62 ϫ 10 −4 and 1.28ϫ 10 −4 . Samples D-I were treated according to the same thermal treatment experienced by fiber C. Gratings were written in treated and untreated samples and results are presented in Table II . Samples C-F clearly show that photosensitivity enhancement has been detected in all samples containing Ge or Sn. In contrast, four different trials performed on sample G did not reveal any significant enhancement in Ce-doped fibers. Fibers which are usually insensitive to KrF laser irradiation have been treated to CO 2 laser to investigate whether thermal treatment could induce some sort of photosensitivity ͑samples H and I͒. No gratings were detected in any of the treated samples.
a͒ Author to whom correspondence should be addressed; FAX: ϩ44-͑0͒23-80593149; electronic mail: gb2@orc.soton.ac.uk FIG. 1. EMG-150 MSC Lambda-Physik KrF excimer laser ͑a͒ delivers 20 ns pulses at 248 nm which pass through a homogenizer ͑b͒ and an aperture ͑c͒. After a few reflections the beam reaches the cylindrical lens ͑d͒ where it is focused 60 mm after the phase mask ͑e͒. The fiber ͑f͒ is placed in contact to the phase mask. Light emitted by a broadband white-light source ͑g͒ is launched into the fiber ͑f͒, is reflected by the grating, and after going through a coupler ͑h͒ is collected by an HP70950 optical spectrum analyzer ͑g͒.
In Ref. 11 the effects of thermal treatment on the absorption spectrum of thin preform slices were investigated and a model involving germanium-oxygen deficient centers ͑GODCs͒ was developed. The GODC concentration was explained on the basis of thermodynamic equilibrium of defects, the proportions of which depend on two competing reactions: the creation of GODCs from the glass network ͓Eq. ͑1͔͒ and their destruction to produce other defects ͓Eqs. ͑2͒ ͑Ref. 13͒ and ͑3͒ ͑Ref. 14͔͒,
GODC + GeO 4 = GEC + Ge͑2͒, ͑3͒
where O ͑int͒ represents an interstitial oxygen in the glass network and GEC is the German Electron Centre. Two types of GODC with absorption in the 242 nm region have been identified: 15, 16 The first one, also called neutral-oxygen monovacancy, is observed for exposures at low UV intensities and is believed to be responsible for the creation of most of GeEЈ centers ͓reaction ͑2͔͒;
13,14 the other, called neutral-oxygen divacancy, evolves into GEC centers ͓reaction ͑3͔͒ and is observed only at high intensities. 14 A temperature increase shifts the reaction balance of Eqs. ͑1͒ and ͑2͒ to the right and of Eq. ͑3͒ to the left, meaning that GODCs are formed in Eqs. ͑1͒ and ͑3͒ ͑Ref. 15͒ and destroyed in Eq. ͑2͒ ͑Ref. 15͒. At low temperature reactions ͑1͒ and ͑3͒ have a lower yield than reaction ͑2͒ and the overall GODC concentration is reduced, whereas at high temperatures the opposite is true. Thermal treatment allows the formation of high concentrations of defects that are then freezed in the network when the fiber is cooled to room temperature. 11 Likewise, although the overall photosensitivity process in Sn-doped fibers seems to involve a small-medium-range structural reorganization initiated by defect dynamics, 17 a mechanism similar to the one observed in Ge-doped fibers can be used to explain the defect dynamics initiating the photosensitivity enhancement observed in these experiments. It has been recently shown 18 that Sn atoms are found in substitutional position in the silica network and generate the same oxygen-deficient centers ͑SnODCs͒ and EЈ defects as Ge.
17-20 Figure 3 shows UV spectra of preforms used to fabricate samples A, C, and F. While preform A ͑Ge-doped silicate͒ shows the absorption at 242 nm typical of GODC, in preforms C and F ͑Sn-doped and codoped silicates͒ the absorption at 252 nm associated with SnODC ͑Ref. 21͒ can be observed. More than one type of SnODCs has also been reported in tin silicate glasses 22 and their concentration has been shown to increase with thermal treatment 22 ͓in a similar way to the concentration of GODC ͑Ref. 11͒ in germanosilicate glasses͔. Likewise to the case of Ge-doped fibers, in Sn-doped fibers the thermal treatment might alter the equilibrium balance of reactions involving SnODC: the number of SnODC could be increased at high temperature and then be frozen in the glass network when the fiber is cooled down. On the contrary, Ce-doped fibers did not show any considerable photosensitivity enhancement. In Ce-doped glasses, photosensitivity is supposed to be induced by a change in the valence of Ce atoms ͑from Ce 3+ to Ce 4+ ͒. 23 The indifference of photosensitivity to thermal treatment can be explained by constant Ce 3+ and Ce 4+ concentrations. Finally, fibers doped with P and rare earths did not show any induced photosensitivity after thermal treatment. No grating has been detected in any of these fibers, possibly because thermal treatment did not generate any defect with absorption at 248 nm.
A dependence on the water content was observed in the treated fibers. Although the photosensitivity enhancement in fibers containing several ppm of-OH is considerably greater than that in fibers with low water content, nonetheless the effect was also observed in this latter case.
In conclusion, thermal treatment of optical fibers before grating inscription has been shown to significantly increase photosensitivity. Tests on different fiber core compositions have shown that a fundamental requirement for photosensitivity enhancement is the presence of either Ge or Sn as dopants. In germanosilicate fibers this effect has been related to an observed increase of GODC defects due to thermal effects. A similar effect involving SnODC defects has been suggested to explain the enhancement in Sn-doped fibers.
